This study focuses on the analysis of high-resolution seismic profiles, integrated with sedimentological, echosounder, SRTM and satellite image datasets, of the Brazilian continental shelf adjacent to the Rio Grande do Norte State, NE Brazil. Located in the northeast of Brazil, the State of Rio Grande do Norte is bounded by two main coastal and shelf systems: the eastern coastal-shelf, from the Sagi River to the Touros High, and the northern coastal-shelf, extending from Touros High to Tibau. This shelf represents a modern, highly dynamic mixed carbonate-siliciclastic system characterized by reduced width and shallow depths as compared with other parts of the Brazilian shelf. It has an average width of 40 km, the shelf-break lying at a depth of ~ 60 m. This shelf is subject to the full strength of the westerly South Equatorial current combined with high winds and moderate to high tides and waves. A sharply defined stratigraphic boundary, probably between the Pleistocene and Holocene deposits, is clearly to be observed in the seismic record. Incised-valleys extending from the main river mouths (e.g.the Potengi, Açu, and Apodi) to the shelf break dominate the area investigated and may indicate periods of lower sea level.
INTRODUCTION
Research on the Brazilian tropical shelf had its roots in the 1960s and 1970s (e.g. ZEMBRUSCKI, 1967; MORAES, 1968; MABESOONE; COUTINHO, 1970; MILLIMAN et al., 1975; SUMMERHAYES et al., 1975) . Brazilian Federal agencies, companies and universities have supported the REMAC Project (Global Reconnaissance of the Brazilian Continental Margin) and GEOMAR (Marine Geology surveys) cruises, which included the geological and geophysical examination of the Brazilian tropical shelf (e.g. AMARAL, 1979; KOWSMANN; COSTA, 1979; ASMUS, 1981) . In the same line of research, new seismic and sedimentological data were incorporated by the LEPLAC project (Brazilian Continental Shelf Survey) from 1987 to 1996 and most recently, the REMPLAC (Mineral Reconnaissance of the Brazilian Continental Margin) initiative which began in 1997. Bilateral cooperation, such as the Brazilian/German Joint Oceanographic Projects (JOPS) that were begun in the 1990s, have also contributed to knowledge of the tropical Brazilian shelf (e.g. ARAUJO, 1994; KNOPPERS et al., 1999) . The recognition of the complexity of oceanographic processes in coastal environments near large rivers and of the interrelationship of the processes involved, led to the interdisciplinary approach of AmasSeds (A Multidisciplinary Amazon Shelf Sediment Study) from 1980 to 1996, which was coordinated by academic institutions in the USA and Brazil. The results of these studies have been published for specific fields of oceanography (e.g. BEARDSLEY et al., 1995; KINEKY, 1995; NITTROUER et al., 1996; NITTROUER ; DEMASTER, 1996) thus making the northern Brazilian shelf one of the most studied maritime areas in Brazil.
On the other hand, much of the Brazilian tropical margin, including a great portion of the northeastern tropical shelf, where the rivers are short and do not contribute significant amounts of sediment, has not yet been surveyed. This area is characterized by extreme oligotrophic boundary currents and the sedimentation of biogenic carbonates which dominate large areas of the shelf.
A lack of data is specially to be observed regarding the shelf adjacent to Rio Grande do Norte State, most probably because of the large number of reefs which prevent navigation.
Most of the recent investigations of the shelf adjacent to the State of Rio Grande do Norte have therefore been limited to selected areas, based on satellite images (VIANNA et al., 1991; and surficial sea bed sediment sampling BOSENCE, 1998; VITAL et al., 2005) or to specific investigations of reefs (e.g. SANTOS et al., 2007) or shelf morphology (GOMES et al., 2007; VITAL, in press ). The existing literature contains but little information on shelf processes (e.g. TESTA; BOSENCE, 1999; LIMA; TABOSA 2006) or high resolution seismicstratigraphy (SCHWARZER et al., 2006; VITAL et al., 2008) .
The aim of this paper, with a view to filling this gap, is to outline an integrated short review of the Rio Grande do Norte (RN), highlighting the development over the last 15 years of the interpretation of depositional environments in the shallow marine stratigraphic record.
Regional Setting
The Brazilian tropical northeast shelf is located in the eastern part of the northeastern region of the South American Platform and is referred to as the Borborema Province (ALMEIDA et al., 1981) . Almeida et al. (1977) defined this Borborema Province as a "complex mosaic-like folded region" where important tectonic, thermal, and magmatic events took place during the Neoproterozoic interval assigned to the Brasiliano Cycle. The area covered by this province exceeds ~450 000 km 2 and consists of successive Cenozoic pediplains that developed at progressively higher elevations from the coastal regions inland, reaching elevations of 1100 m.
The Brazilian tropical shelf is classified as a passive or Atlantic type and varies considerably in shape and width, while it is rather wider near the Amazon mouth, it narrows near Salvador (Fig. 1) . Sedimentation on this shelf ranges from a dominantly siliciclastic environment in the north, to carbonate sediments in the northeast.
The Brazilian tropical northeast shelf is characterized by the almost total absence of coral reefs and a complete lack of ooids or other precipitated carbonate, as previously recognized by Summerhayes et al. (1975) . The shelf averages 40 km in width, and its break is commonly at an average depth of 60 m. The shelf slope has a gradient of up to 1:11, reaching a maximum of 28 o at the Abrolhos Bank. The study area, the RN tropical northeast shelf, represents a modern, highly dynamic mixed carbonate-siliciclastic shelf system and comprises two different sectors separated by the Touros structural high 1) an eastern sector extending from the Sagi River to the Touros High and 2) a northern sector extending from the Touros high to Tibau City (Fig. 2) . The Touros High is characterized by a Precambrian basement with a thin sedimentary cover which thickens towards the northern sector into the Potiguar Basin and towards the eastern sector into the Pernambuco-Paraiba Basin (MARTINS; COUTINHO, 1981; CÓRDOBA et al., 2007; PESSOA NETO et al., 2007; ) . The climate varies from tropical dry and semi-arid on the northern coast to tropical and humid on the eastern coast. From a morphodynamic point of view, the eastern sector is a wave-dominated coast with active sea cliffs carved into tablelands alternating with reef-or dune-barrier sections and beach-ridge terraces, while the northern sector is a mixed-energy complex of wave-and tide-dominated coast (VITAL, 2009) . Dunes, ebb tidal deltas, beachrock, barrier islands and spits characterize the northern sector. This open-ocean facing shelf experiences high-energy, shoreline and shelf-margin parallel currents driven by a combination of oceanic, trade wind, tidal and wave processes. The processes operating on this shelf also play an important role in controlling the shelf morphology and sediment distribution BOSENCE 1999; VITAL et al., 2008) .
METHODS
The integrated data set used in this study includes remote-sensing, SRTM, oceanographic, hydroacustic and sedimentological data corroborated by diving surveys. Digital image processing techniques were used to gain an overview of the area and to plan further hydroacoustic and sedimentological acquisitions. The satellite images used in this research project were obtained from LANDSAT 7 ETM+ and were georeferenced under the UTM coordinates system with further processing by RGB 123 color composition including contrast enhancement and directional filters.
The hydroacoustic data were collected perpendicularly and parallel to the coast using a HYDROTRAC echosounder, operating on a frequency of 200 kHz, a sub-bottom profiler (shallow seismic) type chirp, a X-Star 3200-XS (bandwidth 0.5 -6 Hz) or boomer, and a side-scan sonar type 4100 272-TD type. Post-collection data processing consisted of the filtering and production of a digital terrain model with kriging as the geostatistical interpolation method (for bathymetry) and contrast enhancement, filtering and application of time variable gain (for seismic and sonography).
Hydrodynamic data were collected using different current meters (e.g. InterOcean and Anderaa), installed at 15 m water depth, that measured water current intensity and direction LIMA ; TABOSA, 2006; HAZIN et al., 2008) .
RESULTS AND DISCUSSION

Physiography
The Rio Grande do Norte shelf is very narrow and of a low gradient, averaging 0.2 and 0.5 in the northern and eastern sectors, respectively, and presenting an average width of 40 km along most of its length. Most of the eastern sector is 14-30 km wide, reaching its narrowest point adjacent to Natal and widening particularly in the Touros High area, where it extends to ~ 75-90 km. The continental shelf edge runs parallel to sub-parallel to the coast with a very sharp shelf break that starts at a depth of about 70 -80 m around the Touros High and decreases westwards to 40-50 m depth (northern sector), and southwards to 50-60 m (eastern sector) (Fig. 3) . The inner-, middle-, and outer-shelf are commonly distinguished by their water depth as follows: inner shelf down to 15 m water depth, middle shelf between 15 and 25 m depth, and outer shelf from 25 m depth to the shelf break.
A variety of bedforms ranging from tens of centimeters to kilometers in scale are present in the shallower parts of the shelf, indicating reworking processes. They are clearly observed by Landsat image or hydroacoustic devices (e.g. VIANNA et al., 1991; TABOSA, 2006; VITAL et al., 2005 VITAL et al., , 2008 GOMES et al., 2007) . Some of these seabed features are observed in both the northern and eastern sectors and may be summarized as follows: 1) Very large longitudinal dunes on the inner shelf (≤ 6 m high, 400 m to ≤ 900 m wide and kilometer scale in extension);
2) Small wave-and current-generated dunes generally superimposed on the very large dunes described above; 3) Submerged beachrock chains occurring parallel to the coast at different depths (10, (20) (21) (22) (23) (24) (25) 40 and 60 m). Their elevations reach 2.5 to 5 m above the sea-floor, and their widths vary between 500 and 1000 m (TABOSA; GOMES et al., 2007; SANTOS et al., 2007; VITAL et al., 2007 VITAL et al., , 2008 ; 4) Incised-valley systems; 5) Coral reefs.
Other seabed features are restricted solely to the northern sector, and consist of: 6) Very large transverse dunes with crests oriented in a northeasterly-southwesterly direction (obliquely or transversal to the coast); 7) Isolated shallow-marine sand bodies (over 50 km in length). Besides the features described above, the most important traces of the continental terraces are the Natal plateau and the marginal Rio Grande do Norte plateau (Fig. 3) .
Oceanographic Processes
The Brazilian northeastern tropical shelf is located within the trade wind belt and experiences high-energy, coastal and shelf parallel currents driven by combined flows due to oceanic, tidal and wave processes. The trade winds arise in the E-SE (sensu stricto trades) in the eastern sector and in the NE (return trades) in the northern sector. Since strong winds prevail almost the whole year round, the water masses are well mixed without any characteristic stratification (VITAL et al., 2008) . The wave pattern is determined by variations in the trade winds, i.e. those related to offshore high-pressure center variations. This tropical shelf is mainly dominated by relatively high sea waves, those with heights above 100 cm accounting for more than 50% of them (MESERVE, 1974) . Waves measured during the summer period in the northern sector have, however, an average height of 56 cm with maximum heights of ~120 cm and minimum heights of 27 cm (VITAL et al., 2008; VITAL, 2009 ). Waves measured during the summer period on the shelf near Natal in the eastern sector, have an average height of ~90 cm with similar 120 cm maximum heights, and minimum heights of 50 cm (VITAL ET AL., 2008; VITAL, 2009).
The North Brazil Current flows relatively parallel to the coast over the narrow shelf. Current velocities reach 30-40 cm/s, overlain by tidal and wave components (KNOPPERS et al., 1999) . Longshore currents on this shelf flow mainly northwards and westwards with maximum velocities of 105 and 97 cm/s in the eastern and northern sectors, respectively. Current velocities decrease to a maximum of 25 cm/s and average 6 cm/s close to the Touros High (HAZIN et al., 2008) . Tidal currents, however, change their direction of flow according to tidal variation and are by far the dominant contributor of sediments to the shelf system. The Brazilian tropical northeast shelf has a mesotidal, semi-diurnal regime with maximum heights of 2.7 m and 2.0 m for spring-and neap-tide, respectively, in the eastern sector. Tidal measurements show that average ranges of spring-and neap-tides are 2.2 m and 1.3 m, respectively (VITAL et al., 2008) . The relative tidal range (RTR), mean spring tidal range (MSR) and wave height (Hb) for this sector is 3 < RTR < 9 (Vital 2009 ). Sea-level changes measured in the northern sector show maximum tidal heights of 3.3 m and 2.5 m, respectively, during spring-and neap-tides. The RTR for this sector is 4 < RTR < 15 and so is to be classified in the mixed wave-tide group (VITAL, 2009).
Sedimentology
The inner shelf, in both sectors, is characterized by a belt of siliciclastic quartz-rich sands, however this siliciclastic sand belt is wider in the northern sector, and a complex of mixed carbonate-siliciclastic medium grained sands is found between 10-15 and 25 m water depths. Carbonates, however, dominate the Touros High where the siliciclastic sedimentary cover is almost absent. Highfrequency relative sea-level changes have resulted in a complex association of Quaternary highstand carbonates and lowstand siliciclastic facies, which are currently being blended on the middle shelf. While siliciclastics originate from river discharges, coastal erosion and reworked relict deposits of former lower sea-level stands, the carbonates have their source in the locally-produced grains by the growth and transport of calcareous organisms (TESTA; BOSENCE, 1999; VITAL et al., 2008) . Much of these carbonate enriched sands are sedimentary relict and contain a completely reworked biogenic fraction, except on the inner part of the shelf where they are constantly removed by waves and currents. Modern biogenic components are also observed. Quartz is the main component of the siliciclastic sediments (85 -100%), although feldspar is also present in most samples (5 -15%). The mineralogical fraction includes mica, glauconite and heavy minerals (VITAL et al., 2008) .
Bioclastic carbonate gravel and very coarse sands related to the growth of branching coralline algae dominate the outer shelf. In situ development of rhodoliths produces a consistently coarser sized fraction. Halimeda (a genus of green macroalgae) and different types of mollusks are also common but contribute variable amounts of granule-to sand-sized material to the sediments. Benthonic foraminifera, ostracods, gastropods and bivalves occur in smaller numbers BOSENCE, 1998 BOSENCE, , 1999 TABOSA 2006) . Most of the carbonate assemblage shows some degree of reworking, and consists of mixtures of recent and reworked organisms.
Fine sediments are usually found filling the paleochannels of the most important rivers in both eastern and northern sectors and at the canyons´ heads (e.g., those of the Açu and Apodi) in the northern sector. Fine-grained sediments occupy the slope, at water depths ≥ 70 m, the mud content increasing with depth. Terrigenous mud is widely found, mainly nearshore, while planktonic Foraminifera oozes dominate depths > 80 m, suggesting a relatively local low energy setting.
Corals knolls and patch reefs are sparse in the northern sector but present in the eastern sector of the inner shelf, especially around the Touros High, where the largest coral reefs of RN grow (Fig. 4) . Like other Brazilian reefs, the coral fauna has very low diversity and significant endemism .
Submerged sand banks are common along this shelf. They are observed at different depths (of 10, 20, 40 and 60 m),the most continuous and prominent structure being found on the 20-25 m isobaths and extending from Natal (eastern sector) to Macau (northern sector) (Fig. 5A) . Samples taken by diving, both in the northern and eastern sectors and on the Touros High, revealed laminated sandstone cemented by carbonates, similar to the beachrocks commonly exposed along the coast and could be related to ancient coastlines . Their sediments are often overlain by a thin corallinaceae algae (Fig. 5B) encrustation and large numbers of rhodolites (Fig. 5C ) and sponges. Echinoderms, mollusks, bivalves, gastropods, polychaetes and cloroficeas algae are also widely found (VITAL et al., , 2008 . 
Stratigraphy
High resolution seismic data relating to the Brazilian tropical northeast shelf are scarce. Investigations of the subsurface geology and structures of the northern sector by Schwarzer et al (2006) focused on the interpretation of seismostratigraphic units and are used here to visualize the shelf´s subsurface. Schwarzer et al. (2006) identified 7 Units (Fig. 6 ) and concluded that the Brazilian Tropical northeastern shelf adjacent to Rio Grande do Norte State has undergone regressive and transgressive stages ever since the Pleistocene. The entire channel structure from the main river mouths to the shelf edge may thus be regarded as incised valley morphology, cutting into the shelf´s ancient deposits during sea level lowstands. The incised valleys are currently represented by cut and fill structures in the northern sector (Unit IV) indicative of the erosive force of the rivers under lowstand conditions (Fig. 6A, 6C ). Unit IV contains many strong reflectors interpreted as pebble beds or consolidated sediments. Interestingly the canyon filling structures are not observed in the eastern sector. It is, however, possible to identify a structural dome-shaped high in the most distal part of the Potengi River canyon, probably indicating the presence of a gravity flow mechanism of transport and sedimentation (Fig. 7) .
The hummocky features observed in Unit V may suggest relic fluvial sedimentary structures originating from meandering rivers (SCHWARZER et al., 2006; LIMA, 2006) . Unit VII is interpreted as the surface and its underlying layers under lowstand conditions. These sediments are clearly distinct from those of Unit I, which top stand for the present seafloor. Unit I consists of Pleistocene to early Holocene parallel marine sediment layers intercalated with terrestrial deposits and resulting from sea level fluctuations.
A seismically transparent Unit III occurs immediately below horizon I, but overlies the hummocky structures (Unit V) and the incised valley deposits (Unit VI). Elsewhere, lagoonal deposits are characterized by their seismic transparency and poor internal stratification arising from their very high silt, clay and organic material content. The location of Unit III and its seismic facies characteristics are thus consistent with early Holocene deposition in a low energy environment sheltered by embankments or ridges.
Sigmoidal structures characterize Unit II, particularly at the transition between horizon I and the overlying sub-horizontal layers of Unit I (Figs 6E, 6F ). This configuration of seismic reflectors is indicative of a sea level rise combined with low sediment supply, which permits topset beds to aggregate simultaneously with foreset progradation (Fig. 6E, 6F ). In this case, such structures would develop during a sea level rise accompanied by a prograding shoreline, but the structures observed do not allow a proper distinction to be made between these scenarios if the sigmoidal structures are arranged within topset layering. The slight offshore increase in depth of Unit II may, however, indicate the absence of topset layering but may just as well stand either for an interval of a fall in sea level, stagnation or a periodic increase in sediment supply. Such a model accords well with the interpretation of Schwarzer et al. (2006) regarding Unit III.
The tableau-like structure (Unit VI) (Fig.  6C ) may suggest the presence of recent tectonic activity and this is thus interpreted as an uplifted area. These layers are not interrupted on the flanks and decrease upwards in thickness. As Unit VI is buried by Unit I, the tectonic uplift must have occurred during the Pleistocene or early Holocene. A compilation of all the profiles demonstrates that this tectonic activity was not restricted to profile III, but extended for10 km in a N-S direction. 
CONCLUSIONS
The following conclusions may be drawn from this study:
• The Rio Grande do Norte tropical northeastern shelf comprises two different sectors, separated by the Touros structural High: 1) an eastern sector extending from the Sagi River to the Touros High and 2) a northern sector extending from the Touros High to Tibau City. The inner-, middle-, and outer-shelf are commonly distinguished by different water depths as follows: the inner-shelf down to 15 m, the middle shelf between 15 and 25 m, and the outer shelf from 25 m out to the shelf break.
•
The northern sector shelf is wider and is characterized by greater amounts of siliciclastic sediments than is the eastern sector. Very large transversal and longitudinal dunes are both present in these sectors, as well as isolated shallow-marine sand bodies.
• High resolution seismic profiling permits the identification of 7 Units on the Brazilian tropical northeastern shelf indicating intercalation of regressive and transgressive stages since the Pleistocene.
Channel structures originating at the mouths of the main rivers and extending to the shelf edge can be regarded as incised valleys which cut into the shelf deposits during sea level lowstands. The ancient rivers (e.g., Açu and Apodi) meandered within these incised valleys, cutting into the shelf deposits and forming the smaller incised valleys that are currently represented by cut and fill structures and are indicative of riverine erosive forcing under lowstand conditions.
The narrowest shelf (14-30 km wide) occurs in the eastern sector, which is characterized by predominantly bioclastic sediments. No canyon filling, large transversal dunes or isolated shallow-marine sand bodies were observed in this sector.
• It was, however, possible to identify a structural high in the most distal part of the Potengi River canyon indicating the presence of a gravity flow mechanism of transport and sedimentation.
• Corals knolls and patch reefs are sparse in the northern sector but frequent on the inner shelf along the eastern sector, especially around the Touros High. The most important traces of continental terraces are the Natal plateau and marginal Rio Grande do Norte plateau.
• Submerged sand banks are common along this shelf. They are observed at different depths (of 10, 20, 40 and 60 m), the most continuous occurring on the 20-25 m isobaths and extending from Natal (eastern sector) to Macau (northern sector). Previous petrographical studies had revealed laminated sandstone cemented by carbonates, similar to beachrocks commonly exposed along the coast and should be related to ancient coastlines.
